The nanoscale responses of teeth to chewing loads are poorly understood. This has contributed to debate concerning the aetiology of enamel wear and resistance to fracture. Here we develop a new model for reactions of individual hydroxyapatite nanofibres to varying loads and directions of force. Hydroxyapatite nanofibres, or crystallites, composed of chains of bonded nanospheres, are the fundamental building blocks of enamel. This study indicates that these nanofibres respond to contact pressure in three distinct ways depending on force magnitude and direction: (i) plucking (nanosphere loss when the strength of the bonding protein 'glue' is exceeded), (ii) plastic deformation (compression to gradually bend nanofibres and squeeze the protein layer), and (iii) fragmentation (nanofibres fracture when the strength of H-bonds that bind smaller nanoparticles into nanospheres is exceeded). Critical contact pressure to initiate plucking is the lowest, followed by plastic deformation, and then fragmentation. Further, lower contact pressures are required for a response with shear forces applied perpendicular to the long axes of crystallites than with crushing forces parallel to them alone. These nanoscale responses are explained as a function of the interfacial nanochemical bonding between and within individual crystallites. In other words, nanochemistry plays a critical role in the responses of enamel to varying chewing loads.
Introduction
Most non-mammalian vertebrates are able to replace teeth when they break or wear to the point of senescence, as can the manatees and nabarlek; and several mammalian species, including the dugong, wombats, rabbits and many rodents, have ever-growing cheek teeth to mitigate the effects of wear [1] . But for most mammals, including humans, permanent teeth are not replaced, and enamel growth is finite. For these taxa, dental enamel has to last a lifetime, and cheek teeth have to resist breakage and wear despite up to millions of chew cycles and the repeated contact pressures on teeth that result from them. The structure of mammalian enamel has therefore, unsurprisingly, received considerable attention from the dental -clinical and tribology research communities alike [2] .
Mammalian dental enamel usually comprises a complex arrangement of hydroxyapatite (HAP) crystallites at nanometre scales, assembled into rodlike bundles, or prisms at micrometre scales, which are themselves packed together to form the hard-tissue cap that covers a tooth crown at millimetre scales. Most research considering the effects of tooth use on mammalian enamel has focused on the millimetre and micrometre scales. The mammalian dental literature is rife with studies of gross wear and microwear; for example, different diets result in tell-tale patterns that can help us reconstruct food & 2017 The Author(s) Published by the Royal Society. All rights reserved.
preferences and the attributes of the palaeoenvironment for extinct species from fossilized teeth.
For example, mammals that shear tough foods (such as grass blades or meat) tend to have microwear surfaces dominated by micron-scale scratches and anisotropic textures, whereas those that crush hard objects (such as nuts or bone) typically have more pits and more complex textures [3] . These diet -microwear pattern associations hold when comparing species representing a broad variety of mammalian taxa, from antelopes to zebras [4] [5] [6] [7] [8] , bats to moles [9] [10] [11] , pigs to sheep [12, 13] , marsupials to carnivorans [14 -19] , primates [20] [21] [22] [23] [24] and others [25, 26] . There has also been a recent spate of experimental work to better understand the aetiology of microwear, focusing on the abrasive medium [27, 28] , angle of approach between opposing teeth [29] and magnitude of force [30] required to create specific microscopic wear features and surface texture patterns.
But while specific associations between the micrometrescale responses of enamel and mastication have been intensively studied, there have been fewer analyses of the effects of forces of varying magnitudes and directions on enamel surfaces at nanometre scales [31, 32] . This is problematic because the fundamental units that form tooth enamel, HAP crystallites, are nanofibres consisting of long strings of sub-spherical nanoparticles, each 60-70 nm in diameter. Therefore, studies of the nanotribological behaviour of individual crystallites can surely help us better understand the responses of enamel to chewing forces across a wider range of scales.
Enamel HAP crystallites are typically described in the literature as long, ribbon-like structures, roughly hexagonal in cross section, approximately 50-70 nm wide and 20-25 nm thick, with lengths leading to aspect ratios .500 [33] . The actual nanostructure is somewhat more complex. Individual HAP nanofibres are formed as adjacent large HAP nanoparticles (approx. 60-70 nm in diameter) are stacked one on top of another and 'glued' together by a thin layer (%2 nm thick) of hydrated protein that uses its elastic polymeric backbone [34] to hold the crystallites together. The 60-70 nm nanoparticles are, in turn, a self-assembled agglomeration of smaller nanoparticles, each approximately 20 nm in diameter [35] and evidently bonded by shorter, hence more rigid, interfacial molecular bonds including H-bonds [36] mediated by surface-hydrated water molecules. Figure 1 presents a schematic diagram of the nanoscale structure of enamel crystallites. The interfacial nanochemical bonding between hierarchically assembled hexagonal crystallites of HAP are evidently keys to understanding nanoscale responses of enamel surfaces and their sub-surface to the chewing loads.
Nevertheless, the effects of chewing stresses on dental enamel at the nanoscale remain largely undocumented. It has been suggested that individual nanospheres can be separated from one another when the contact pressure reaches that required to break the protein glue bond holding them together [32] . It has also been observed that surface nanoparticles decrease in size from approximately 60 -70 nm to 20-25 nm in diameter with increasing loads during chewing [35] . But, to date, no study of which we are aware has aimed to document the differing responses, on the nanoscale, of enamel to loads of varying intensity and direction. In this paper, we report on nanoindentation and nanoscratch experiments with enamel at different contact pressures and document the resulting responses to the surface on the nanoscale. We hypothesize that varying the intensity and direction of contact pressure will affect enamel responses, whether plucking, deformation or fragmentation of crystallites. We further suggest that such responses should be explicable in terms of the nanostructure and chemical bonding of individual HAP nanofibres.
Methods
Specimens included in this study were all intact, disease-free human third molars. These teeth were extracted from individuals between 20 and 30 years of age for orthodontic reasons, and stored in deionized water until use in this study. Surfaces were prepared to sample the enamel perpendicular to the long axes of individual rods and the crystallites within them. This was confirmed by polishing each tooth in the buccolingual direction under constant water irrigation, and observing the course of prisms as they hit the occlusal surface (electronic supplementary material, figure S1). Each tooth was then embedded into a denture base resin with an exposed window. Occlusal surfaces confirmed to have prisms (and, by extension, crystallites within them) oriented perpendicular to them were hand-ground polished using silicon carbide paper with a grit size of 1500 under constant water irrigation, followed by polishing with 2 and 0.5 mm diamond paste on a rotary polishing machine. This level of polishing resulted in a surface roughness (R a ) of approximately 3.476 nm. The prepared surface texture is not expected to affect results of this study given the micron-scale diameter of instrumentation contact tips used in the analyses (see below). To reveal the microstructure of enamel, each sample was etched with 0.001 M citric acid solution for 1 min. This protocol does not significantly alter the enamel surface profile, composition or micromechanical properties [37] and is therefore also not expected to affect the results of this study.
The instruments used and the experimental details are summarized in This allowed the precise application of low contact pressures and the assessment of effects on individual crystallites by scanning before and after each experiment. Each scratch test was conducted twice to confirm the results. Before and after threedimensional surface representations were compared by AFM, scanned with a Si 3 N 4 tip (MLCT, Veeco, USA) with a nominal radius of 10 nm. The depth of each scratch (compression of nanofibres) was measured from surface profiles, and the number of crystallites removed from the surface during the experiments was tallied. Further, the number of crystallites fragmented into smaller units was noted following each experiment.
The influences of strike angle and contact pressure were evaluated by nanoscratch and nanoindentation tests using a nanoindenter (G200; Agilent). This allowed for experiments using higher contact pressures. Scratch tests were performed to simulate the sliding movement of opposing teeth parallel to the occlusal surface, and perpendicular to the long axes of individual prisms and the crystallites within them. Indentation tests were performed to simulate crushing movement perpendicular to the occlusal surface, and parallel to the long axes of prisms and crystallites within them.
The plucking experiments, both indentation and scratch tests, were performed using a triangular pyramid diamond tip to facilitate tissue removal. The scratch distance was set to 200 mm and the sliding velocity was 200 mm min 21 . Both the indentation and scratch tests were performed with normal loads of 0.1 mN, 0.5 mN, 4 mN, 8 mN, 10 mN and 20 mN. Each indentation test was conducted twice to confirm results. After the tests, the topography of surface damage on the enamel was observed by AFM. Again, before and after images were compared, and the total number of crystallites before and after were tallied to determine the percentage lost due to wear. A scanning electron microscope (SEM; JEOL-7001F; JEOL, Japan) fitted with an energy dispersive X-ray spectroscopy (EDX) probe was used to confirm that debris on the surface represented displaced HAP nanoparticles.
Plastic deformation and fragmentation tests were performed using a conical diamond tip with a nominal radius R of 10 mm to facilitate compression of the surface. The scratch distance was again set to 200 mm and the sliding velocity was 200 mm min 21 . Both scratch and indentation tests were performed with normal loads of 0.5 mN (1.99 GPa), 2 mN (3.15 GPa), 4 mN (3.97 GPa), 10 mN (5.39 GPa) and 30 mN (7.78 GPa). Each test was conducted three times to confirm the results. After the tests, the topography of the surface was observed by AFM. Before and after images were compared, and the maximum depths of cross sections of each scratch or compressed area ( plastic deformation) were measured, along with the diameters of all visible nanospheres within the deformed region.
Further, another SEM (ESEM XL30; Philips, Netherlands) with X-ray diffraction (MiniFlex II; Riguku, Japan) was used to visualize nanospheres to confirm diameter measurements from the AFM images. Based on Scherrer's equation [38] , the X-ray diffraction (XRD) peak-width intensity was used to calculate the average diameter of the fundamental HAP crystallite particle (see the electronic supplementary material, figure S2 ),
where (i) D is the diameter of the crystallite; (ii) k is a dimensionless shape factor, with a value close to unity (typically around 0.89); (iii) l is the X-ray wavelength (the wavelength of Cu-ka is about 0.154 nm); (iv) b is the line broadening at half the maximum intensity; and (v) u is the Bragg angle in degrees.
Results
The results of AFM nanoscratch tests using a 1 mm radius SiO 2 tip demonstrate that the critical maximum contact pressure required to initiate plucking, with separation of nanospheres from the crystallite nanofibres, is approximately 0.36 GPa. Plastic deformation of crystallites and fragmentation of surface nanoparticles, on the other hand, were not observed until the maximum contact pressure was raised to 0.67 GPa and 0.74 GPa, respectively (figure 2). Follow-up scratch and indentation tests using the nanoindenter documented in detail the effects of varying contact pressures and force vectors on surface plucking, plastic deformation and fragmentation separately. Nanoindenter scratch and indentation tests used a triangular pyramid diamond tip and normal loads of 0. figure S3 ). These results demonstrate that the number of nanospheres detached from the surface increases with greater contact pressure, and that the threshold for removal of tissue is much lower when the force is applied parallel, rather than perpendicular alone, to the surface (i.e. perpendicular rather than parallel alone relative to the long axis of HAP nanofibres). Analysis of results from the nanoindenter experiments using a spherical diamond tip (10 mm diameter) with normal loads of 0.5 mN, 4 mN, 10 mN and 30 mN showed compression of nanofibres into the surface of the enamel for scratch tests of 7.0-8.0 nm at 1.99 GPa (0.5 mN), 12.5 -14.0 nm at 3.97 GPa (4 mN), 27.4-28.0 nm at 5.39 GPa (10 mN) and 71.0-72.0 nm at 7.78 GPa (30 mN). The compression of nanofibres under indentation was measured as 2.0-2.5 nm at 1.99 GPa, 6.0-7.5 nm at 3.97 GPa, 15.0 -17.0 nm at 5.39 GPa and 55.0-57.0 nm at 7.78 GPa (figure 4). These results clearly indicate that deformation of the surface increases with increasing contact pressure under both scratch and indentation test conditions. They also demonstrate that, for a given contact pressure, forces applied parallel to the surface (scratch tests) showed more plastic deformation than those applied only perpendicular to it (indentation tests).
The average crystallite nanosphere diameter prior to loading was 62.5 nm, as measured from AFM images. Nanoparticle size was uniform across the surface, and no fragmentation was detected. The nanoscratch and nanoindentation tests for nanoparticle fragmentation used a spherical diamond tip of 10 mm diameter with normal loads of 0.5 mN, 2 mN, 10 mN and 30 mN. Imaging by AFM following the nanoscratch tests showed an average crystallite surface nanosphere diameter of 52.5 nm with a normal load of 0.5 mN (maximum contact pressure of 1.99 GPa), 32.5 nm at 2 mN (3.15 GPa), 27.5 nm at 10 mN (5.39 GPa) and 22.5 nm at 30 mN (7.78 GPa). Results from the nanoindentation experiments showed almost no fragmentation at 1.99 GPa, and an average crystallite surface nanosphere diameter of 52.5 nm at 3.15 GPa, 37.5 nm at 5.39 GPa and 32.5 at 7.78 GPa (figure 5). These results indicate higher proportions of 20:60-70 nm nanospheres with increasing contact stress under both compression and scratch regimes. The critical maximum contact pressure to initiate nanosphere fracture is lower when forces are applied parallel to the surface (scratch tests) than when they are applied only perpendicular to it (indentation tests). Likewise, for a given normal contact pressure, shearing action results in more fragmentation than does crushing alone.
The sizes of nanospheres were confirmed by SEM imaging (electronic supplementary material, figure S2 ). 
Discussion
The results presented here demonstrate that individual enamel crystallites respond to forces associated with chewing at nanoscales in three distinct ways: plucking, plastic deformation and fragmentation. Plucking evidently occurs when the contact pressure exceeds the strength of the protein 'glue' between the linked 60 -70 nm HAP nanoparticles that form the nanofibre [32] . In this case, individual nanoparticles are 'plucked' from the surface and appear as debris. This phenomenon should not be confused with microscale prism plucking as described by Walker [41] and Teaford & Runestad [42] . Plastic deformation evidently occurs at the nanoscale because there is sufficient space within the enamel matrix to allow individual nanofibres to bend, owing to the cushioning layer of the hydrated proteins. The nanoparticle lattice may not deform as easily, thus the sizes and shapes of individual crystallites remain intact during plastic deformation. Finally, fragmentation evidently occurs when contact pressure exceeds the strength of the stronger H-bonding between the basic nanoparticles of 20 nm in diameter [35, 39] , as discussed above. Figure 6 shows a schematic diagram of plucking and fragmentation of enamel under applied loads. For plucking, plastic deformation and fragmentation, the critical normal load required to modify the surface was much lower with scratch than with indentation experiments. This implies that shear forces perpendicular to the long axes of individual crystallites are more effective for bending nanofibres, breaking the protein bonds that hold nanospheres together to form crystallite nanofibre chains and exceeding the strength of the H-bonds that hold together the fundamental nanoparticles that form the larger nanospheres. Likewise, as contact pressure was increased during scratch or indentation tests, the extent of plucking, deformation and fragmentation all increased. This suggests that higher magnitude chewing forces elicit more of a response from the enamel surface on the nanoscale. These results make clear that the tribological behaviour of enamel is complex at the nanoscale. The responses of individual HAP crystallites to chewing are probably multifaceted, and dependent on both the magnitude and the direction of forces acting on the surface. Further, these responses are evidently dictated by the interfacial nanochemical bonding between hierarchically assembled crystallites of HAP. We have not considered non-prismatic enamel, but expect that our results would be applicable to non-prismatic enamel nanofibres were it possible to orient them in a consistent manner (as with prismatic enamel). Considering the varying orientations of crystallites in nonprismatic enamel, however, it may be that the critical contact pressure required to initiate wear on individual enamel crystallites may be different in this case.
It should be noted that, while the deformation described here for dental enamel is by definition 'plastic', the mechanism by which it occurs differs substantively from that for metal, polymer and ceramic materials. Plastic deformation in metals is usually a consequence of dislocation between two slip planes under applied forces. The rearranged atoms link back together immediately by metallic bonds during plastic deformation [43] . Plastic deformation in polymers, in contrast, involves breaking and formation of stronger covalent bonds [44] . Ceramic materials, usually much tighter than polymers, are primarily held in ionic and covalent bonds, which tend to fracture before plastic deformation would occur. Plastic deformation of ceramic materials typically occurs only under high-temperature or high-pressure conditions, given the dislocation of atoms [45] .
Pure HAP crystallites behave as brittle ceramics [46] . Although enamel consists of more than 92% HAP, its organic component facilitates higher toughness and more plastic deformation. However, because of its uniquely complex hierarchical structure, the mechanism of plastic deformation of dental enamel is fundamentally different from that of metals or polymers. Because adjacent HAP crystallites are 'glued' together by proteins, plastic deformation occurs at the nanoscale where there is sufficient space within the enamel matrix to allow individual nanofibres to bend and the protein layer to be constricted; there is no breaking of bonds and relinking between nanofibres. Therefore, while the deformation observed for enamel is plastic, it occurs by a fundamentally different mechanism, and should be distinguished from that of metals, polymers or heated ceramics.
Studies of nanoscale responses of dental enamel to contact pressure have broad implications for researchers with interests ranging from clinical dentistry to evolutionary biology to biotribology. Understanding these responses allows us to predict critical loads in chewing that result in crystallite plucking, plastic deformation and fracture. It can therefore help us better understand the relationships between dental ultrastructure and diet. For example, differences in nanosphere loss between scratch and indentation tests at a given contact pressure imply that the angle of approach between opposing teeth might play a role in the resistance of enamel to wear. Perhaps different diets select for different orientations of nanofibres relative to the occlusal surface and bite direction, as is evidently the case for enamel rods, or prisms, on the microscale [47] . This work also has important implications for the development of bioinspired designs of new materials. For example, the assembly of 60-70 nm nanospheres from smaller 20 nm nanoparticles and the consequent fragmentation of the surface following high magnitude loads probably act together to strengthen a tooth against fracture, as the spread of a crack through the tissue would require more paths to circumnavigate the smaller HAP particles, and therefore involve more work.
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